The rapidly increasing availability of whole genomes provides the opportunity to reach 19 an updated comprehensive view of bacterial evolution. The staggered diversification of 20 evolutionary processes, based on the combined strategy of layered phylogenomics and 21 polymorphism fingerprinting, give a new perspective in phylogenetic reconstructions. 22 Layered phylogenomics is based on the assignation of genes according to five different 23 evolutionary layers: minimal genome, genus-core genome, species-core genome, 24 phylogroup-core genome and phylogroup-flexible genome. Polymorphism fingerprinting 25 is based on the detection of conserved positions in each phylogenetic group but differing 26 from those of their hypothetical ancestors. This approach was applied to Escherichia coli 27 because there are unresolved evolutionary questions, although has been highly studied. 28 Phylogenetic analysis based on 6,220 full genomes, identified three E. coli root lineages, 29 defined as D, EB1A and FGB2. A new phylogroup, called G was detected near to 30 phylogroup B2. The closest phylogroup to ancestral E. coli was phylogroup D, whereas 31 E and F were the closest ones in their respective lineages; moreover, A and B2 were the 32 most distant phylogroups in EB1A and FGB2 respectively. We suspect that EB1A and 33 FGB2 lineages represent different adaptive strategies. In the deepest branch of EB1A 34 lineage, the number of accumulated mutations was lower than in recent branches, whereas 35 in FGB2 lineage the opposite occurred. The FGB2 lineage was enriched in genes related 36 to host colonization-pathogenicity and toxin-antitoxin systems (such as hipA), whereas 37 B1A sub-lineage acquired functions related to uptake and metabolism of carbohydrates 38 (such as bgl, mng or xlyE). This new combined strategy shows a detailed staggered 39 evolutionary reconstruction, which help us to understand the deepest events and the 40 selection forces have driven E. coli diversification. This approach could add resolution in 41 the reconstruction of the evolutionary trajectories of other microorganisms. 3 42 Author summary. 43 Phylogeny based on whole genome provides the opportunity to study the history of eco-44 adaptive diversification of any bacterial taxon. Different strategies have been proposed 45 for knowing the evolutionary trajectories in some species, such as Escherichia coli; 46 however, these analyses were based on a limited number of sequences, and sometimes 47 the evolutionary reconstructions reached clashed positions, especially in the ancestral 48 inferences. For adding resolution in evolutionary reconstructions, we propose a 49 combination of approaches, such as layered phylogenomics based on the use of different 50 set of genes corresponding to the successive evolutionary steps, and polymorphism 51 fingerprinting which detects hallmarks of the ancient mutations. We propose to use E. 52 coli because it is paradigmatic example of the evolutionary inconsistences despite being 53 a microorganism with enough evolutionary analysis. Three ancestral lineages were 54 established with this strategy and the staggered reconstruction about the origin and 55 diversification of E. coli phylogroups was inferred. Moreover, in the context of this study, 56 a new E. coli phylogroup was defined. The main lineages represent different adaptive 57 strategies, one lineage gained genes involved in pathogenicity, and another one acquired 58 genes allowing the obtainment of energy from different sources. 59 60 4 61 Introduction 62 Since the first description by Theodore Escherich described of Escherichia coli in 1885, 63 several generations of researchers have been fascinated by this organism. E. coli has been 64 extensively used as a model to understand bacterial adaptability [1, 2]. The population 65 diversity of E. coli was initially recognized in four main phylogroups (A, B1, B2 and D) 66 [3]. In the following years, the increasing number of available sequences allowed the 67 identification of three new phylogroups (C, E, and F) and five cryptic clades, revealing 68 that the population structure of E. coli was more complex than initially suggested [4]. 69 When the first whole E. coli genome was sequenced in 1997, a new possibility in the 70 comparative genomic field was perceived for this microorganism [5]. The growing 71 availability of a large amount of whole E. coli genomes provided an unprecedented level 72 of discrimination and the opportunity to perform solid evolutionary reconstructions [6]. 73 Traditionally, the bacterial genomes have been distinguished in a core genes pool 74 encoding the basic cellular functions, and a flexible genes pool conferring strain-, 75 pathotype-or ecotypes-specific characteristics which allow adaptation to special 76 conditions [7]. For instance, from the first available studies based on a limited number of 77
The combined strategy (LP-PF) was suggestive of a more detailed evolutionary scenario, 165 from the deepest branches to reaching the latest events in the differentiation processes of 166 the classic E. coli phylogroups. Therefore, we can propose a staggered evolutionary 167 scenario in Fig 3. Lineage D, with phylogroup D as unique member showed fewer 168 changes with respect to known most recent common ancestor (MRCA) than other 169 lineages, and then we assumed that it was the last phylogroup separated from the ancestral 170 genome and consequently the lineage more closely related to E. coli origin. This LP-PF 171 strategy also allowed us to infer the successive diversification steps in EB1A and FGB2 172 lineages. In FGB2 lineage, we were able to identify phylogroup F as the last group 173 separated from FGB2 root but not to identify which one was the first diverging 174 phylogroup (B or G). Reconstruction of EB1A lineage only allowed us to suggest the 175 appearance of the EB1A lineage as a non-ancient step and the subsequent separation of 176 the B1A sub-lineage (Fig 3) . 177 To reinforce this evolutionary scenario, we explore the gain and loss of ancient genes 178 reconstructing the hypothetical ancient E. coli core genome based on the phylogroup-core 179 genomes, the fourth evolutionary layer in our model [19] . The gene content of 180 phylogroups-core genomes ranged from 741 to 2,715 genes, corresponding to 181 phylogroups A and G respectively, once the 1,027 genes corresponding to E. coli core 182 genome were excluded. A set of 2,052 genes constituting this ancient genome was 183 searched in all individual genomes of each phylogroup. These data permitted calculation 9 184 of the percentage of genomes in each phylogroup carrying 95-99% of ancient genes.
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When the threshold of ancient genes was 95%, no differences among phylogroups were 186 detectable; however, the step-wise increase of this threshold towards 99% progressively 187 revealed differences among them (Fig 4) . Consistently with the previous analysis, 188 phylogroup D maintained the highest percentage of strains sharing 99% of ancient genes, 189 supporting that this phylogroup was the ancestral one. Now, phylogroup B2 was the first 190 in FGB2 lineage to be separated from the hypothetical ancestral genome, and phylogroup 191 F was the last one, confirming the previous results. Inside the EB1A lineage, phylogroup
192
A was the first differentiated member, while phylogroup was E was the last one separated 193 from the ancestral genome. Moreover, EPEC-503225 and KTE146 strains carried 99% of 194 the ancestral genes, supporting our proposal that these strains could represent the best-to-195 the-present known close ancestors of E. coli. 196 197 Differences in the evolutionary pathways of the major E. coli root lineages 198 The obtained phylogenetic reconstructions suggest that three lineages were involved in 199 the initial diversification steps. To investigate if the diversification of the lineages could 200 be associated with particular lifestyles and evolutionary strategies, several genomic 201 markers were analyzed such as the number of mutations per site, ancient recombination 202 between and within phylogroups, and the gain or loss of genes.
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The accumulated mutations per site revealed that, independently from the layers 204 analyzed, the EB1A lineage presented a number of mutations below the mean value, 205 whereas the FGB2 lineage showed values above the mean (S5 Fig) . This indicates a 206 higher mutation frequency in the FGB2 root lineage compared with the EB1A lineage. In 207 addition, the number of accumulated mutations in the deepest branch of FGB2 lineage 208 was lower than in recent branches, whereas in EB1A lineage the opposite occurred; more 10 209 changes were accumulated in the deepest branch. The analysis of ancient recombination 210 events revealed that around 3% of the genes belonging to E. coli core genome had 211 suffered recombination events. However, the recombination frequency was not 212 homogeneous across different phylogroups, and was more frequently found in In the last sections, we describe the evidence we found of the evolutionary differences 229 among the main E. coli lineages. Our next step was investigated the acquired or the E. coli ancestral genome). Therefore, as the closest densely populated phylogroup to 235 ancestral E. coli genome was phylogroup D, this phylogroup/lineage was used as 236 reference in these studies. In a first analysis, several independent acquisitions with respect 237 to phylogroup D were identified in different branches suggesting convergent evolution 238 events. For instance, the EB1A root lineage acquired yafQ-dinJ, a toxin-antitoxin system, 239 and creBC, a functional two-component system. This last system, involved in 240 peptidoglycan recycling, promotes increased resistance against colicins M and E2, and is 241 also involved in bacterial fitness and biofilm development, especially in the presence of 242 subinhibitory β-lactam concentrations. The yafQ-dinJ system was also acquired by the F 243 phylogroup, and CreBC by the GB2 sublineage ( Fig 6) . As to adhesins, if the EB1A 244 lineage acquired the yra operon, the GB2 sublineage lost ycg, ycb and sfm operons present 245 in the putative ancestor phylogroup D.
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Differences among lineages were also found with respect to genes involved in the 247 uptake of energetic nutrients. The B1A sublineage acquired genes or operons encoding 248 enzymes related to uptake of sugars. For instance, bgl operon encodes a 249 phosphotransferase belonging to the Glc-family system is involved in the uptake of β- B1A sublineage. In the FGB2 lineage, only the bgl operon was acquired by GB2 260 sublineage ( Fig 6) . 261 On the other hand, the B1A sublineage, from EB1A lineage, lost genes encoding 262 key proteins involved in the uptake of metals as iron, manganese and molybdene, 263 including proteins from the siderophore ABC transport system, metal-ABC transport 264 (ECSMS35_RS09855 to ECSMS35_RS09880). Moreover, genes involved in the vitamin 265 B12 and hemin metabolism were also lost (hmuV, ECSMS35_RS191855 to 266 ECSMS35_RS19215). These genes, which might influence tissue colonization and 267 pathogenicity, were essentially preserved in phylogroup E, suggesting that B1A around 90% of the sequenced E. coli genomes were not fully completed and they remain 292 in draft [28] . If draft genomes should be or not removed from phylogenetic analysis is a 293 matter of concern, as some genes could be lost [29] . However, the analysis of 32,000 phylogroup denominated as phylogroup G represented <1% of the total number of 310 sequenced E. coli strains. The core genome in this new phylogroup (3,741 genes) was 311 larger than those estimated in the previously known phylogroups (1,767-2,692 genes), 312 but this result might be biased due to the low number of sequences belonging to this 313 phylogroup. On the contrary, genomes initially described as phylogroup C could not be 314 discriminated in our analysis from those of phylogroup B1. In a previous work published 315 by our group, the phylogroup C was suspected to be composed of genomes arising by 316 recombination between phylogroup A and B1 [16] . We could only identify members of to assure the bacterial viability. We do not suggest that the minimal genome in E. coli 335 could be 51 genes, we only wanted to use the highest number of genes previously 336 identified as minimal genome present in all E. coli genomes for subsequent ancestral 337 reconstructions. However, this approach showed a solid phylogenetic reconstruction but 338 did not yield sufficient resolution for itself to infer the ancestral processes of conserved positions still maintain phylogenetic information of their ancestors (Fig 3) [35].
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The results obtained using LP-PF strategy were reinforced with the analysis of the gained-350 lost genes in the different phylogroups with respect to hypothetical ancestral core genome 351 (Fig 4) . This evolutionary analysis strongly suggests that early steps in the diversification data could indicate that along the first evolutionary steps, the preservation or gain of DNA 380 was higher than the loss, but the opposite occurred in later steps; the genetic loss was 381 higher than the gain. This result would suggest reductive evolution processes, which had 382 been previously proposed only for phylogroup A [1] . Moreover, when the gain and loss 383 of specific genes was analyzed using the COG categories, the FGB2 lineage was particularly enriched in genes involved in hosts and tissues colonization, virulence with 385 respect to the EB1A lineage, which was more endowed (particularly the B1A sub-lineage) 386 in functions assuring a more generalist style of life (see below). These results support the 387 concept that EB1A and FGB2 lineages could be the result of the early adoption of 388 different adaptive strategies. 389 We investigated the acquired or eliminated specific functions at the time of To guarantee the correct classification of all downloaded genomes, those genes present 441 in 100% of 6,290 available Escherichia genomes were defined as Escherichia genus core 442 genome (S1 Table) . These genes were chosen and aligned using SeaView4. monophyletic groups with more than 10 sequences were considered as new phylogroups.
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The orphan sequences (lower than n=10 sequences) were excluded in successive analyses. 497 We considered as a necessary requirement to define a new phylogroup that the estimated 498 evolutionary distance between the hypothetical new group and known phylogroups must 499 be higher than the distance among previously established phylogroups. Evolutionary 500 distance between two phylogroups was obtained considering the relative length of the 501 branches. The mean intragroup evolutionary distance was estimated as the mean distance 22 502 of each branch to the origin of the phylogroup, the subtree of each phylogroup was 503 obtained from the tree and the distances were extracted with the TreeStat program 504 included in the BEAST software (tree.bio.ed.ac.uk/software/beast/).
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In order to infer the staggered diversification processes in E. coli, the previously described 
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Gain and lost genes between the main lineages and among different phylogroups 543 into same lineages. 544 This approach could identify those genes segregated during early stages of 545 diversification/specialization. For the identification of ancestral segregation, we used a 546 threshold of 95%-5% with respect to ancestor nodes for assigning a gene as present or 547 absent respectively. The presence/absence of genes was inferred by parsimony method 548 using the E. coli core genome phylogeny at each ancestral node, quantifying the incoming 549 and outgoing genes between consecutive nodes of the tree. If a determined gene was lost 24 550 (or gained) in two phylogroups sharing a common ancestor, only a single event (loss or 551 gain) was considered. If they did not share a common ancestor, then we considered that 552 two independent events had occurred. Therefore, we could then calculate how many 553 genes and how many times the studied genes in each branch and in the E. coli tree were 554 lost respectively.
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Once the gain/lost genes were identified, they were classified based on their presumptive 
